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The absorption efficiency of acoustic liners used in aircraft engines is characterized by the acoustic 
impedance. World wide, many grazing flow test rigs and eduction methods are available that 
provide values for that impedance. However, a direct comparison and assessment of the data of 
the different rigs and methods is often not possible because test objects and test conditions are 
quite different. Only a few papers provide a direct comparison. Therefore, this paper together with 
a companion paper, present data measured with a reference test object under similar conditions 
in the DLR and NASA grazing flow test rigs. Additionally, by applying the in-house methods 
Liner Impedance Non-Uniform flow Solving algorithm (LINUS, DLR) and Convected Helmhholtz 
Equation approach (CHE, NASA) on the data sets, similarities and differences due to underlying 
theory are identified and discussed. 


I. Introduction 

During the past 40 years, there has been a world-wide emphasis on the development of grazing flow test 
rigs and different methods for analyzing acoustic aircraft liners. However, there are only a few direct 
comparisons between data of different test rigs available. One such comparison was provided by Jones, 1 
which compared results acquired with four flow rigs in the United States, as well as with corresponding 
normal incidence tubes. For those tests, two sets of Helmholtz resonator liners with different porosity, 
hole diameter and sheet thickness were used. The conclusion drawn in the paper is basically the fact 
that all techniques more or less agree with each other. The main deviations are found for the different 
grazing flow assumptions, whereas similar flow approaches (e.g. plug flow) compare favorably. 

This comprehensive study provided a fundamental overview of the test rigs and methods. Meanwhile, 
the NASA grazing incidence tube (GIT) used in the study was first highly improved 2 and finally replaced 
by the redesigned grazing flow impedance tube (GFIT). 3,4 In parallel the impedance eduction techniques 
were also improved. 5-7 

The situation and development in Europe was quite similar. There are also several rigs 8-10 and several 
techniques 11 ’ 12 to characterize liners for different application. In Germany, the German Aerospace Center 
(DLR), Engine Acoustics Department, in Berlin started work on liners together with TU Berlin. As part 
of this collaboration, DLR built the DUct aCoustic Test rig with Square cross section (DUCT-S) to 
evaluate different liners. 13-16 In addition, an analysis technique with scattering coefficients 1 ' and two 
impedance eduction methods were developed utilizing the data of the rig. 15, 16, 18-20 Several improvements 
of the DUCT-S 14 also lead to a redesigned version named DUct aCoustic Test rig with Rectangular cross 
section (DUCT-R) that supports liners with a length of up to 800 mm. 

This made the collaborative work on a reference test object possible which is reported in the following: 
In the first of the two associated papers the test rig DUCT-R and the reference test object HR.-S2 
(Helmholtz Resonator Sample 2) - measured in both rigs, DUCT-R and GFIT - are described. The 
methodology of DLR is recalled and results of scattering coefficients of the tests in Berlin are shown. 
Additionally, impedance data of the DLR eduction technique LINUS (Liner Impedance Non-Uniform 
flow Solving algorithm) are compared to the NASA results. The second paper 21 deals with tests of the 
same reference test object at NASA in the GFIT test rig, comparing different eduction approaches and 
flow assumptions. The aim of the study is to compare rigs and methods with an identical test object, 
emphasizing the influence of both Mach number and SPL. 
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II. Methodology 


The acoustic properties of the test object are characterized using the following approaches. These 
approaches have been described in detail earlier, 15,16 ’ 22 and are briefly described here for convenience. 


A. Reflection, Transmission and Dissipation 


A flow duct (e.g. DUCT-R) with the test object/liner located in the center is excited from upstream 
and downstream direction via loudspeakers. Microphones also placed up- and downstream of the liner 
are used to acquire acoustic pressure signals. These data are then used to calculate the amplitude ratios 
for reflected and transmitted waves and ^ for both directions of propagation (upstream (— ) and 
downstream (+)). The acoustic energy balance for an acoustic absorber utilizing r± and together 
with the mean Mach number M to define the dissipation A 15 then reads: 23 


A ± = 1 - 


/(IT Mf 

V(1±M) 2 



(1) 


Were R = | r ¥± | 2 and T 


define the energy values of reflection and transmission. 


B. Impedance Eduction Method LINUS 


In the next step the 2D duct model of Mungur and Gladwell 24 is used. Then, based on the transmission 
coefficient t ± and assuming very low reflections, the wave number for the lined part of the duct k x is 
defined. For the similar NASA approach PBU-SM, axial sound pressure level dSP ( ^ x ' > and phase decay 
^ are used. 3,21 The wave number k x is then a solution of the Pridmore-Brown equation 21,25 and is 
defined as follows: 


dx L 
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As described in Ref. 16 this wave number is normalized with the free field wavenumber kg. Together 
with local Mach number M and by integrating the pressure derivatives ^ via a Runge-Kutta method 
along the duct height H, the complex impedance £ is determined: 
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In this case the dimensionless position Y = 1 denotes the lined wall and Y = 0 the hard wall at the 
opposite side, where the integration algorithm starts. 


III. Measurements 


A. DUct aCoustic Test Rig - Rectangular cross section (DUCT-R) 

Based on the measurement concept described above, which is already applied to the DUCT-S rig, the 
DUCT-R was designed as follows (Fig. 1): It consists of an upstream part and downstream part which 
are connected to the liner mounting in the middle. A radial compressor is connected to the upstream 
part via a tube system to provide a flow. For the cross-sectional area of 60 mmx80 mm a centerline 
Mach number of around 0.3 is achieved in the liner region. Both the upstream part and downstream 
part of the duct are divided into two microphone modules and a loudspeaker module. These modules 
contain an overall number of 106 microphone positions which are spread over the rig in the following 
order: At sixteen axial positions six microphone slots are mounted around the circumference of the duct 
to allow the analysis of higher order modes. Six of these rings at both sides build axial arrays which 
are non-equidistant but with exponentially increasing distance between the neighboring microphones. 
Therefore, a data analysis for a wide frequency range is possible. The arrays are placed in a manner 
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to suppress influences of evanescent modes in the vicinity of the loudspeakers and the near field of the 
liner. Nonetheless, two additional rings per side provide data of this region near the liner. During the 
tests, the microphone ring nearest the liner leading edge was used to adjust the target reference SPL. 
For the current tests, only six microphone slots of the array at both sides were equipped with G.R.A.S 
40BP-S1 condenser microphones and 26AC pre-amplifiers. They were flush-mounted in the center of 
the side wall, because the wall pressure at one circumferential position is representative when analyzing 
plane wave propagation. For the same reason, only one loudspeaker (type Monacor KU-516) in each 
loudspeaker section was connected to the duct via a horn. These loudspeakers were fed by an Agilent 
arbitrary frequency generator and amplified with a KME SPA 240 E amplifier. Microphone and frequency 
generator signals were recorded with an OROS OR36 data acquisition system. Recording time was set 
to 10 s, with a sampling frequency of 8192 Hz. Additionally, temperature probes were placed upstream 
and downstream of the liner to allow determination of the speed of sound. 

The test object was mounted on the side wall in the axial center of the duct, as shown in Fig. 1. 



Figure 1: 3D-view of the DLR test rig DUCT-R, the test object (green) is mounted in the center as the side 
wall . 


B. Reference Test Object: Helmholtz Resonator Sample 2 (HR-S2) 

The reference test object is a generic type of Helmholtz resonator (Fig. 2) based on the design of Fischer 
which was already used for the similar test object HR-S1. 16 It is a single layer liner, consisting of an 
aluminum perforated facesheet, tubes of polycarbonate as cells and a solid back plate. The liner is 
designed to have its Helmholtz resonance frequency near 1 kHz, i.e. below the cut-on frequency of the 
DUCT-R (i.e. «2100 Hz) but with a quarter-wavelength resonance above cut-on. Both hole diameter 
and facesheet thickness are 1 mm. When manufacturing the facesheet and drilling the holes, special 
attention was paid to keep the rim of the holes clean and sharp-edged. The cells are 6.9 mm in diameter 
and 40 mm in depth. Every cell is staggered axially but aligned with the centerline of one hole to build 
an array of locally reacting single resonators. Due to this pattern the porosity of the facesheet is 1.5%. 
The whole structure is bonded together with resin and is inserted in a 558.2 mm long frame that fits in 
the GFIT and also as described in the DUCT-R. 
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Figure 2: Reference test object HR-S2; dimensions given in mm. 


C. Test Conditions DUCT-R 

In a first step flow profiles were acquired to characterize the flow field and calculate boundary layer data 
of the test rig. In a second step acoustic tests were used applying the above mentioned methodology. 

1. Flow Profile Measurements 

Very similar to the tests in the NASA GFIT shown in the companion paper , 21 the sample was tested with 
centerline Mach numbers 0.0, 0.1, and 0.2. The mean Mach numbers which provide a good measure for 
comparing the two ducts had to match the conditions in GFIT. Therefore, a 3 mm Prandtl’s pitot tube 
was traversed along the horizontal duct axis for the different centerline Mach numbers. The pressure 
data was acquired with a MKS Baratron connected to a data acquisition/s witch unit HP 34970 A. 

2. Acoustic Field Measurements 

Besides the grazing flow Mach number the SPL was changed between 110, 120 and 130dB. In contrast 
to the GFIT tests, which used a single-tone excitation, a multi-tone excitation was used 14 for the results 
shown here. These multi-tones covered a frequency range between 204 and 2142 Hz. To suppress the 
interaction of higher harmonic tones in one signal, the frequency range was split into five signals. The 
peak SPL of the constituent frequencies were adjusted via the reference microphone to fit the single tone 
SPL measured in the GFIT . 21 Since it is mandatory for the analysis method, these tests were conducted 
with both upstream and downstream sources. 

IV. Results 

A. Flow Profiles 

The flow profiles for all three Mach numbers are shown in Fig. 3. The blue circles represent the measured 
data while the red curve is a cubic-spline fit to interpolate in between. The software of Bauers 26 is fed 
with the interpolated data which calculates the boundary layer thickness A 99 , displacement thickness 5\ 
and momentum thickness 82 for ether part of the profile top ( t ) and bottom ( b ) as well as the mean Mach 
number M. These values are given in Tab. 1 for the respective centerline Mach number. The profiles 
are slightly asymmetric. However, the values nearly match data of the GFIT presented by Jones 3 with 
a similar setup as described in the companion paper . 21 
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Table 1: Boundary layer data of DUCT-R for different centerline and mean Mach numbers (M c ; and M) 
calculated from flow profiles measured upstream of the liner (Fig. 3). b-bottom part of the profile, t-top part of 
the profile with the liner. 

M c i [1] M [1] 5gg[mm ] 5g g [mm ] 5\{mm\ 5\{mm] 8\{mm] 

0.1 0.0922 21.0 31.9 3.6 5.4 2.3 3.1 

0.2 0.1863 20.9 27.8 3.3 4.4 2.1 2.6 




Figure 3: Flow profiles (horizontal component) of the DUCT-R measured in front of the lined section. Blue 
circles - measured data, red line - cubic spline fit, dashed line - boundary layer thickness <5gg, dot-dashed line - 
displacement thickness <5i and dotted line - momentum thickness <52- 


B. Scattering Coefficients Calculated from DUCT-R Data 

As described in Section II, scattering coefficients are calculated from the microphone pressure signals. 
The results in Fig. 4 show the general damping behavior of the sample. The rows show results of different 
Mach numbers at different peak SPL (columns). 

For the no-flow case in Fig. 4a, the lowest transmission is found for the desired frequency around 850 Hz. 
This matches with the results of the similar HR-S1 Liner. 16 Nonetheless, in this case small reflections 
(<10%) are detected at resonance frequency. However, this small peak disappears for the flow cases and 
higher SPL and therefore allows application of the LINUS method (see Section II). 

Furthermore, an increasing SPL results in a broader dissipation and transmission curve for the no-flow 
cases. Since both impedance data sets (DLR/NASA) also slightly change their resistance through higher 
SPL (see Section IV. C and Ref. 21) toward 1 pc, such an increased dissipation should be the result. 

As expected from other data, 15 a broadening of the dissipation and transmission spectra is also visible 
for higher Mach numbers (Fig. 4d-4g). This effect is observed for all SPL levels. When the Mach number 
is increased, the maximum dissipation in the upstream direction decreases («-25%). A similar result is 
observed for the downstream direction, but the maximum dissipation is more gentle («-10%). The ob- 
servations for similar test objects were different for the last aspect, since there the downstream direction 
had a constant high level with a sort of saturation for increasing Mach number. 15 However, the expected 
frequency shift for the maximum dissipation is visible when the Mach number is increased. 
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(a) SPL=110 dB, M c i =0 


(b) SPL=120 dB, M cl =0 


(c) SPL=130 dB, M c i =0 



(d) SPL=110 dB, M c i =0.1 (e) SPL=120 dB, M ci =0.1 


(f) SPL=130 dB, Md =0.1 





(g) SPL=110 dB, Md =0.2 (h) SPL=120 dB, M c i =0.2 (i) SPL=130 dB, M c i =0.2 

Figure 4: Comparison of scattering coefficients for different Mach numbers (rows) at different peak SPL 

(columns). Energy reflection R - red lines, energy transmission T - blue lines and energy dissipation A - black 
lines. Solid lines for downstream direction (+) and dashed lines for upstream direction (— ). 
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C. Comparison of Impedance Data 


The transmission coefficient is then used in the described manner to educe the impedance. Figures 5, 6 
and 7 show the direct comparison of GFIT data analyzed with the Convected Helmholtz Equation (CHE) 
approach 21 and DUCT-R data applying the LINUS method. For both methods an uniform-flow of mean 
Mach number M is used and only plane wave propagation is analyzed. In the figures the normalized 
resistance is shown with blue symbols while red symbols denote the normalized reactance. 

For 110 dB excitation SPL, the reflections at the no- flow condition are too large to allow proper usage 
of the LINUS method for impedance eduction. Hence, only those results achieved at Mach numbers of 
0.1 and 0.2 are presented (Fig. 5). For these conditions, the trends for both resistance and reactance 
are quite similar for frequencies up to 1400 Hz. Nonetheless, there is a divergence between the data 
sets for higher frequencies which has to be investigated further. However, for M = 0.1 both reactance 
curves cross the abscissa around 1150 Hz which defines the resonance frequency of the sample. When 
increasing the Mach number to 0.2 the slope of the reactance flattens out. This behavior is observed 
for both methods LINUS and CHE. 21 Furthermore, the resistance is increasing with increasing Mach 
number. This indicates the liner to be non-linear regarding Mach number. 

The results of the second excitation level (120 dB) are shown in Figure 6. Reflections are low enough 
at the no-flow condition, so data can also be presented for this case. There is a very good agreement, 
especially for the reactance. Furthermore, the trends of the flow cases are similar to those of 110 dB 
excitation. Resistance increases and reactance flattens due to higher Mach number. However, the 
reactance slope of DUCT-R/LINUS data flattens and shifts much more for M = 0.2 than is observed for 
the GFIT/CHE data. 

Finally, the data of 130 dB follows the same trends (Fig. 7). Even though DUCT-R data is not smooth, 
distinct ’’‘dropouts’” visible for the GFIT reactance spectra are not found. Therefore, this effect due to 
harmonic distortion is further discussed in the companion paper. 21 Possibly, the characteristics of the 
drivers or the excitation in general for such high levels are different for both rigs. 


M=0.1,110dB 



(a) SPL=110 dB, M cl =0.1 /M = 0.0922 


M=0.2, IIOdB 



(b) SPL=110 dB, M cl =0.2 /M = 0.1863 


Figure 5: Comparison of educed impedance data for M = 0.1 and 0.2 at IIOdB. The normalized resistance is 
shown with blue symbols while red symbols denote the normalized reactance. Closed symbols represent NASA 
GFIT data and CHE eduction method , 21 open symbols represent DLR DUCT-R data and LINUS eduction 
method. 
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M=0.0,120dB 



(a) SPL=120 dB, M cl =0 /M = 0 


M=0.1,120dB 



(b) SPL=120 dB, M cl =0.1 /M = 0.0922 


M=0.2, 120dB 



(c) SPL=120 dB, M c i =0.2 /M = 0.1863 


Figure 6: Comparison of educed impedance data for for all Mach numbers at 120dB. The normalized resistance 
is shown with blue symbols while red symbols denote the normalized reactance. Closed symbols represent NASA 
GFIT data and CHE eduction method, 21 open symbols represent DLR DUCT-R data and LINUS eduction 
method. 
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M=0.0,130dB 
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(a) SPL=130 dB, M cl =0 /M = 0 


M=0.1,130dB 



(b) SPL=130 dB, M cl =0.1 /M = 0.0922 


M=0.2,130dB 



(c) SPL=130 dB, M c i =0.2/M = 0.1863 


Figure 7: Comparison of educed impedance data for all Mach numbers at 130dB. The normalized resistance is 
shown with blue symbols while red symbols denote the normalized reactance. Closed symbols represent NASA 
GFIT data and CHE eduction method, 21 open symbols represent DLR DUCT-R data and LINUS eduction 
method. 
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V. Conclusion 


Similar to the survey of Jones 1 a decade ago this study provides a comparison of two different state of 
the art approaches to educe liner impedance. The same reference test object, a Helmholtz resonator 
liner, is tested in the rigs GFIT (NASA) and DUCT-R (DLR) under similar conditions. The measured 
microphone data was analyzed using the respective impedance eduction methods. First, an in-house 
code that provides scattering coefficients and wavenumber data was used to determine the impedance. 
In addition, the NASA approach that is based on the converted Helmholtz equation (CHE) utilizes the 
acoustic pressure data to find the impedance. The following conclusions can be drawn from these results. 

1. The investigated reference test object is mainly a dissipative liner, i.e. the high transmission loss is 
provided through high dissipation while reflections are nearly negligible. 

2. Furthermore, the scattering coefficients (i.e. transmission and dissipation) show a dependency on 
source SPL and Mach number. The spectra gently broaden for an increasing SPL while peak 
attenuation is nearly constant or slightly increasing. 

3. A greater dependency is found for increasing Mach number. The spectra also broaden for both 
upstream and downstream direction but the maximum dissipation is reduced. Against expectation, 
this holds true for both directions of wave propagation. 

4. A Mach number dependency is also observed for the educed impedances. Especially the resistance is 
highly influenced by this parameter. Therefore, the utilized reference test object is identified to be 
non-linear (concerning Mach number 21,27 ). However, the Mach number influence on the reactance 
is only weak but visible. 

5. Over the range of Mach numbers and excitation SPL used in this test, impedances educed via the 
LINUS and CHE methods compare favorably for frequencies at or below resonance. However, they 
diverge for frequencies above resonance. Further research is needed to better understand these 
effects. 

6. In general it can be concluded that even for different measurement approaches and eduction tech- 
niques the impedance data is in the same range. 
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